bees collect nectar from plants and flowers. Nuclear accidents and nuclear tests have happened around the world and artificial radiation has been detected in Kosovo -especially from the nuclear power plant accident in Chernobyl [14] . Among other things, radioactivity in various honey samples is analyzed by different authors. They found contamination of honey samples by natural and artificial radioactivity [15] [16] [17] .
The aim of this study was the determination of natural radionuclides: 40 K, 226 Ra and 232 Th and artificial radionuclide 137 Cs, then to find if there is variation of radionuclide concentrations within honey samples at the same place in order to calculate the annual effective dose, total committed effective dose and the lifetime cancer risk, and to compile a database for radioactivity levels in the Republic of Kosovo. This investigation was conducted in 2018 in the Republic of Kosovo in southeastern Europe -more specifically in the center of the Balkan Peninsula.
Material and Methods
To have homogeneous sampling process in an entire country we chose the systematic gird square sampling pattern method. The territory of Kosovo was divided into 30 equal surface units with rectangular shape, as shown in Fig. 1 . One cell represents around 363 km 2 and in each of them we took one honey sample for further analysis. Honey is useful for collecting information about the environment within the bees "collecting area", which is about 7 km 2 [18] .
Samples of honey from 30 apiaries were selected to participate to this survey. Geographical sample locations were recorded by portable GPS during the sampling time, and a digital map with sampling location is prepared by MapInfo Professional software. Honey samples are collected in 200 g plastic containers. Radioactivity levels of each honey sample were examined and for comparison reasons, analysis is done on the basis of Kosovo regions (Ferizaj, Gjakova, Gjilani, Mitovica, Peja, Prishtina and Prizreni).
The radiation levels of samples were analyzed using gamma spectrometry using a 55% efficiency high-purity germanium (ORTEC HPGe, model No. GEM55P4-95) detector and a multichannel analyzer. The resolution (full width half maximum) of this detector system was 1.0 keV for 122 keV gamma ray of 57 Co and 1.9 keV for 1332 keV gamma ray of 60 Co. The detector was shielded in a cylindrical lead shield of 10 cm thickness to reduce the background level of the system. Efficiency of the detector was determined with a 152 Eu source with known activity. 152 Eu sources have been widely used for calibration and efficiency determination because of their large range of energies (122, 244, 344, 411, 443, 779, 964, 1112 and 1408 keV) with emission probabilities of 3-29% [19] . An ideal measuring geometry of cylindrical source (homogeneously distributed activity with constant volume and distance) was placed coaxially with the detector for the efficiency determination and the same procedure applied for the sample measurements.
The activity concentrations of 226 Ra were determined by averaging the measured concentrations for 214 Pb (295 and 351 keV gamma-ray energies) and 214 Bi (609 and 1120 keV gamma-ray energies). The activity concentrations of 232 Th were determined by averaging of measured concentrations for 212 Pb (238 keV gamma-ray energy), 228 Ac (338 and 911 keV gamma-ray energies) and 208 Tl (583 and keV gamma-ray energy) [20] . The activity concentration of 40 K and 137 Cs were determined directly from the 1460 keV and 661 keV gamma-ray energies, respectively [21, 22] . The gamma spectra were analyzed using Gamma Vision, which is a data acquisition and analysis program.
The samples were placed symmetrically on top of the detector and measured for a period of 80.000 s. After measurements and subtraction of the background, the activity concentrations of the radionuclides were calculated using Equation 1.
(1) …where C s is the count rate under the corresponding peak, Ɛ is the detector efficiency at the corresponding peak energy, P γ is the absolute transition probability of the specific γ-ray at the corresponding peak energy, m is the mass of the sample (kg) and t is the counting time (s).
The minimum detectable activity (MDA) for gamma activity measurement of the present measurement system was calculated by using Equation 2 [23, 24] : (2) …where C B is the background count rate under the corresponding peak, Ɛ is the detector efficiency at the corresponding peak energy, P γ is the absolute transition probability of the specific γ-ray at the corresponding peak energy, m is the mass of the sample (kg) and t is the counting time (s).
The daily intake of radioactivity is considered to be an accumulation of both naturally occurring radionuclides ( 226 Ra, 232 Th and 40 K) and artificial radionuclide 137 Cs into the human body via the consumption of food. The daily intake of natural and artificial radionuclides via the consumption of food has been calculated using Equation 3 [25] : …where D int is the daily intake of radionuclides (Bq d -1 ) by individuals, A c is the activity concentration of radionuclides (Bq kg -1 ), A ig is the per capita per year consumption of honey, and Y d is the days in a year. Honey consumption rate for the year 2016 was 1.3 kg per person in Kosovo [26] .
The annual effective dose to an individual due to an intake of both naturally occurring radionuclides ( 226 Ra, 232 Th and 40 K) and artificial radionuclide ( 137 Cs) radionuclides from consumption of honey has been calculated using Equation 4 [25] .
…where E eff is annual effective dose (µSv y -1 ) to an individual owing to an ingestion of radionuclides, A c the average activity concentration of related radionuclide (Bq kg -1 ), A ig is the annual intake of honey (kg y -1 ), and D cf is the ingestion dose conversion factor for related radionuclides (2.8x10 -7 Sv Bq -1 for 226 Ra, 6.9x10 -7 Sv Bq -1 for 232 Th, 1.3x10 -8 Sv Bq -1 for 137 Cs and 6.2x10 -9 Sv Bq -1 for 40 K) [27] [28] [29] .
The total dose (committed) via ingestion can be calculated using Equation 5:
To assess the lifetime cancer risk due to the ingestion of honey we used Equation 6:
…where L CR is the lifetime cancer risk, A ir is annual intake of radionuclide (Bq), A is is average span of life (78 y), and R c is mortality cancer risk coefficient (Bq -1 ). The values of mortality cancer risk coefficients taken from the USEPA are 9.56x10 -9 Bq -1 for 226 Ra, 2.45x10 -9 Bq -1 for 232 Th, 6.88x10 -10 Bq -1 for 137 Cs and 5.89x10 -10 Bq -1 for 40 K [30] .
The honey samples collected from 30 locations were homogenized, weighed and transferred into uncontaminated empty cylindrical plastic containers of uniform size (100 mL). The samples were kept four weeks before analysis in airtight conditions to allow secular equilibrium between radium and thorium and their decay products.
The radioactivity concentration of every sample with relevant uncertainty was reported. The uncertainties of all measurements were calculated, taking into account statistical fluctuations of the peak, the backgrounds and efficiency calibration. Also, data were grouped according to collected samples in the seven regions of Kosovo.
Arithmetical mean with relevant standard deviation, the minimum and maximum values are reported for every group. The activity concentration differences between the groups were calculated using statistical analysis method (one-way ANOVA). Differences were considered significant at p<0.05. Statistical analysis was performed using SPSS software version 21.0 (SPSS Inc., Chicago, IL).
Results and Discussion
The MDA for 226 Ra, 232 Th, 40 K and 137 Cs radionuclides in the present measurement system are calculated as 0.33, 0.38, 2.36 and 0.03 Bq kg -1 , respectively. The activity concentrations of 19 samples (63.3 %) for 226 Ra radionuclide were found below the MDA. Again, the activity concentrations of 24 samples (80 %) for 137 Cs artificial radionuclide were either below the MDA or not detected.
The radioactivity results of the honey samples collected from 30 different locations are given in Table 1 for the natural radionuclides of 226 Ra, 232 Th and 40 K and the artificial radionuclide of 137 Cs. The radioactivity levels found for these honey samples are also shown in Fig. 2 . The average activity concentrations of 226 Ra, 232 Th, 40 K and 137 Cs radionuclides in the honey samples were 0.49±0.15 Bq kg -1 , 1.28±0.18 Bq kg -1 , 20.44±0.69 Bq kg -1 and 1.03±0.11 Bq kg -1 , respectively. The activity of 40 K radionuclide is seen to be higher than 226 Ra and 232 Th radionuclides in all the studied honey samples. Because 40 K is the dominant gamma emitter and it is always present in food, it may have negative consequences for the health of humans with long-duration irradiation and exposure [31] . Therefore, its evaluation for human health is important. 137 Cs is a radionuclide produced anthropogenically by several types of nuclear activity, including past testing of nuclear weapons, accidents in nuclear facilities, reprocessing of spent nuclear fuel and nuclear power reactors. ICRP permits the level of 137 Cs activity for foodstuffs as 1000 Bq kg -1 [32] . In this study, the active values of 137 Cs found in honey samples were well below the limit value. For this reason, we can suggest that the range of 137 Cs activity in the honey samples of this study is of no risk to public health. There is a wide variation of radioactivity concentration on different samples due to different environmental conditions. Artificial radionuclides identified in honey samples originated from past nuclear incidents that happened abroad, because there is no registered nuclear activity in Kosovo [14] .
The radioactivity concentrations in the honey samples within seven regions (Ferzaj, Gjakova, Gjilan, Mitrovica, Peja, Pristina and Prizren) of Kosovo are given in Table 2 . It was observed that the maximum activity concentrations were 0.73 Bq kg -1 in Pristina for 226 Ra, 3.43 Bq kg -1 in Peja for 232 Th, 2.80 Bq kg -1 in Peja for 137 Cs and 91.84 Bq kg -1 in Peja for 40 K. As shown in Table 2 , the highest mean concentrations for the studied radionuclides were observed in the Peja region except for 226 Ra. As a result of the statistical analyses performed, no significant correlation (p>0.05) was observed between the concentration differences in regions of Kosovo.
Calculated values of per capita daily intake for related radionuclides in the honey samples collected from the seven regions of Kosovo are presented in Fig. 3 and Table 3 . The maximum and minimum values calculated for per capita daily intake were 145.96 mBq d -1 for 40 K (Peja region) and 0.71 mBq d -1 for 137 Cs radionuclide (Mitrovica region).
The total committed effective dose and the annual effective doses taken by an individual via consumption of honey are given in Table 3 . The average annual effective doses calculated for 226 Ra, 232 Th, 40 K and 137 Cs were found as 0.18, 0.11, 0.17 and 0.02 µSv y -1 . The average total committed effective dose taken by an individual from 226 Ra, 232 Th, 40 K and 137 Cs radionuclides via consumption of honey in Kosovo were found to be 1.45 µSv y -1 . The highest total committed effective dose was found for the Peje region (2.16 µSv y -1 ). The global average annual radiation dose from the natural radiation sources as proposed by UNSCEAR is 2400 µSv y -1 [28] . The annual radiation dose value (1.45 µSv y -1 ) founded in this study is lower than the global average annual radiation dose value (2400 µSv y -1 ). Also, the contributions from the studied radionuclides were below the dose limit of 1 mSv y -1 as set in the ICRP recommendations for public exposure [33] . The lifetime cancer risk values calculated for 226 Ra, 232 Th, 40 K and 137 Cs radionuclides in the honey samples are given in Table 4 . The lifetime cancer risk was found to vary from 3.29x10 -7 to 6.10x10 -7 for 226 Ra, 2.43x10 -7 to 4.47x10 -7 for 232 Th, 6.67x10 -7 to 24.06x10 -7 for 40 K and 0.14x10 -7 to 1.70x10 -7 for 137 Cs, which are low compared with the acceptable cancer risk of 10 -3 for radiological risk [34, 35] .
The average radioactivity results obtained in this study are compared with those reported in the literature for honey samples collected from different countries in Table 5 , which shows that our values are similar to the other values except for Turkey.
Conclusions
To assess the internal dose of radionuclides taken in by food, the activity of each radionuclide in food and water has to be measured. Since honey is a nutrient widely consumed in human life, determining the radioactivity in its content is very important. Within this scope, the natural ( 226 Ra, 232 Th and 40 K) and artificial radioactivity ( 137 Cs) levels in 30 honey samples collected from regions of Kosovo were determined by a highpurity germanium detector. For each of the collected honey samples, specific activity, daily intake (D int ), annual effective dose (E eff ), total committed effective dose (E eff (total)) and lifetime cancer risk values (L CR ) values were calculated.
The average activity concentrations of 226 Ra, 232 Th, 137 Cs and 40 K radionuclides in the 30 investigated honey samples were found to be 0.49±0.15, 1.28±0.18, 1.03±0.11 and 20.44±0.69 Bq kg -1 , respectively. 20% of 30 honey samples were found to be still contaminated with artificial isotope 137 Cs. Nevertheless, the activity values of 137 Cs found in honey samples were well below the limit value (1000 Bq kg -1 ) recommended by the ICRP in foodstuffs. Radioactivity concentrations in the honey samples, collected in all regions of Kosovo, were examined and it was observed that the maximum activity concentrations were: 0.73 Bq kg -1 in Prishtina for 226 Ra, 3.43 Bq kg -1 in Peja for 232 Th, 2.80 Bq kg -1 in Peja for 137 Cs and 91.84 Bq kg -1 in Peja for 40 K.
The total committed effective dose and the annual effective doses taken by an individual via consumption of honey were calculated. The annual radiation dose value (1.45 µSv y -1 ) founded in this study is lower than the global average annual radiation dose value (2400 µSv y -1 ). Also, the contributions from the studied radionuclides were below the dose limit of 1 mSv y -1 as set in the ICRP recommendations for public exposure. The lifetime cancer risk for the honeys was found to vary from 3.29x10 -7 to 6.10x10 -7 for 226 Ra, 2.43x10 -7 to 4.47x10 -7 for 232 Th, 6.67x10 -7 to 24.06x10 -7 for 40 K and 0.14x10 -7 to 1.70x10 -7 for 137 Cs, and these values are lower than the acceptable cancer risk of 10 -3 for radiological risk.
As a result, this study shows that the investigated honey samples in Kosovo can be consumed with peace of mind without any radiological hazards. Also, this study can be used as a reference for future studies. 
